The circadian mechanism appears remarkably conserved between Drosophila and mammals, with basic underlying negative and positive feedback loops, cycling gene products, and temporally regulated nuclear transport involving a few key proteins. One of these negative regulators is PERIOD, which in Drosophila shows very similar temporal and spatial regulation to TIMELESS. Surprisingly, we observe that in the housefly, Musca domestica, PER does not cycle in western blots of head extracts, in contrast to the TIM protein. Furthermore immunocytochemical (ICC) localization using enzymatic staining procedures, reveals that PER is not localized to the nucleus of any neurons within the brain at any circadian time, as recently observed for several nondipteran insects. However with confocal analysis, immunofluorescence reveals a very different picture, and provides an initial comparison of PER/TIM containing cells in Musca and Drosophila, which shows some significant differences, but many similarities.
Introduction
Circadian rhythms are generated by a system of interlocked autoregulatory feedback loops in which both negative and positive feedback play prominent roles. The insect model has been developed most forcefully in Drosophila melanogaster, where two cycling proteins, PERIOD (PER) and TIMELESS (TIM) act as negative regulators of their own transcription, through the positively acting bHLH-PAS transcription factors CLOCK (CLK) and CYCLE (CYC, also known as BMAL1) (Collins and Blau, 2007; Hall 2003) . The CLK protein also cycles and its regulation is interlocked with that of PER, in that CLK/CYC also activate PDP1ε and VRILLE (VRI), with the latter modulating expression of Clk (Cyran et al. 2003; Benito et al. 2007 ).
One of the most compelling features of per and tim regulation is that the mRNAs cycle with a peak a few hours in advance of the rhythm in their protein products in the fly's head (Hall 2003) . The protein cycles have been visualised in a small subset of neurons within the CNS, termed the lateral and the dorsal neurons. The best studied are the ventral lateral neurons (LNvs) because they can also be counterstained for the neuropeptide pigment dispersing factor, PDF (Helfrich-Forster 1995; Helfrich-Forster and Homberg 1993; Nassel et al. 1993) . Within these neurons, PER and TIM proteins can be seen to translocate to the nucleus late at night, when their proteins are at their peak (Shafer et al. 2002) . During the day, both proteins show dramatic reductions in their abundance that correlates with their hyperphosphorylation and subsequent degradation (Edery et al. 1994; Naidoo et al. 1999; Zeng et al. 1996 ). PER appears to require 4 Comparative analysis of this insect model of circadian gene regulation has been most comprehensively studied in the giant silkmoth, Antheraea pernyii. While the photoreceptors in the moth appear to show cycles of PER antigenicity similar to that seen in the fly (Reppert et al. 1994) , in the central brain, a very small number of neurons co-express cycling PER and TIM, yet the two proteins remain stubbornly cytoplasmic . This observation might initially appear to preclude a canonical autoregulatory role for these two proteins.
However, when transformed into per-null flies, although behavioural rhythmicity is markedly attenuated in the transgenic compared to control transformant flies, ApPER does appear to locate to the nucleus of lateral neurons and photorecepeptors during the night phase (Levine et al. 1995) .
In addition, when ApPER is used in Drosophila cell lines to reconstitute a circadian pacemaker, it does appear to act as a negative regulator of ApCLK/ApBMAL1 mediated transactivation, with the added bonus of ApTIM acting to enhance this negative regulation (Chang et al. 2003) . In Drosophila, TIM can shuttle in and out of the nucleus, so it may be that although TIM (or PER) cannot be seen in the nucleus at particular timepoints in the silkmoth, it is nevertheless present (Ashmore et al. 2003; Nawathean and Rosbash 2004) . Thus perhaps even in Antheraea, the canonical model holds. Furthermore, a recent study has revealed that dsRNAi knockdown of per in another silkmoth, Bombyx mori, generates a modest disruption in the circadian larval eclosion gate, consistent with the view that per in Lepidoptera plays a similar biological role to Drosophila, irrespective of any differences in temporal expression patterns (Sandrelli et al.2007) However, a survey of PER-like immunoreactivity in a number of insect orders, once again, reveals a recalcitrant PER antigen that is exclusively confined to the cytoplasm in the various neuronal cell types where it is found (Zavodska et al. 2003b) . We have therefore studied the regulation of the per and tim genes within the circadian clock of the housefly, Musca domestica, which had a common ancestor with Drosophila about 100 Mya (Hennig 1981) . The
Musca per orthologue can rescue per-null arrhythmia in Drosophila hosts to a surprisingly robust degree compared to the per transgene from a more closely related species such as D. pseudoobscura (Piccin et al. 2000) . While these results might suggest that Musca per might not seem to provide a very promising avenue for further comparative work, particularly as a related muscid, Lucilia cuprina, shows very similar expression pattern for per gene products as Drosophila (Warman et al. 2000) , we shall see that the study of clock gene regulation in Musca provides some interesting twists and turns that should be considered carefully when analysing the results of other comparative circadian studies.
Methods Fly maintenance:
Musca embryos and larvae were raised on a medium made of bran (55 g), heat-inactivated yeast (3g), milk (150 ml) and the anti-mycotic nipagin (0.35g) until pupariation. After eclosion adult flies were fed on water, sugar and dried milk. Flies were maintained at 25 o under 12 h light, 12 h dark cycles (LD12:12). In our studies we used both a wild type (gift from A. Malacrida and G. Gasperi, University of Pavia) and a white strain (gift from Daniel Bopp, University of Zurich) without noticing any significant difference (Hediger et al. 2001) . However, locomotor activity and confocal microscopy were performed on the white strain only whereas pupal eclosion was tested on flies carrying both white and apterous mutations (again, from Daniel Bopp). 6 mRNA from whole head extracts, was carried out for Musca per, tim, vri, cyc, Clk and cry in LD, DD and LL conditions. The constitutively expressed Musca rp49 gene was used as an amplification standard. Primers used are listed in Table 1 . In one experimental design, fly cultures (from the final larval stage) were entrained to LD12:12 and collected at 4h intervals during one final LD cycle and the following day in constant darkness (DD).
Similarly, flies exposed to constant light (LL) from the late larval stage were used to assess the expression of clock genes in LL. For both experimental designs, at least three independent animal groups were reared and sacrificed. For each experiment, twenty 3-5 days old males were collected at the appropriate time point, and the heads stored at -80 o until RNA extraction.
Total RNA was isolated with Trizol (Sigma) according to the manufactures instructions. 1µg of total RNA was reverse transcribed using oligodT (24mer) and SuperscriptII reverse transcriptase (Invitrogen). To safeguard against amplification of possible contaminant genomic DNA either the primers were designed to anneal only to a template corresponding to the spliced transcript, or (in one case -timeless amplification) to include a large (2.5 kb) intron in the genomic template. In the latter case PCR conditions were optimized, so that only the short (cDNA) product would amplify. This "cDNA specificity" was confirmed in pilot real-time PCRs with pure genomic DNA as a template (resulting in no product). For in situ hybridization to Mdper, a 482 bp probe was generated that spanned the MdPER Cdomain (Piccin et al. 2000) .
Western blots: Fly heads and thoraces were collected separately in LD12:12 and DD and western blots run essentially as described previously (Edery et al. 1994; Peixoto et al. 1998) .
Primary antibodies used to assess PER and TIM levels were rabbit Pictures were adjusted for contrast and brightness in Photoshop (Adobe). The confocal results described are based on more than 30 brains analysed in three independent experiments with the Zeiss system and additional 20 brains analysed with the Leica system.
Behaviour: Locomotor behaviour of Musca individuals carrying the white eye mutation was recorded for 3 day old adults by an infra-red detector that was attached to a Petri dish 9 cm in diameter. Data were collected for at least 5 days and activity counts were collated in 30 min
BINs. Analysis of the period of locomotor activity was carried out using chi-square periodogram analysis (Refinetti, 2000) . Pupal adult eclosion was monitored by placing individual pupae homozygous for white and apterous into eppendorf tubes, and adult emergees were counted every two hours.
Results

Rhythmic Behaviour
We examined locomotor activity rhythms in adult Musca domestica in LD, DD and LL at 25 O after prior entrainment to LD12:12 for at least 7 days. Fig 1A illustrates examples of individual locomotor patterns in each of the three conditions. Under entrainment Musca showed rhythmic behavior with almost all of the locomotor activity restricted to the day phase (Helfrich et al. 1985) . Under free running conditions the flies showed an average period of 24.4±0.1 h (N=27). In DD however, locomotor activity began to impinge into the subjective night from the first day in free-running conditions. In LL, rhythmicity was soon lost (Fig 1A) . Pupal/adult eclosion also showed a clear circadian rhythm in LD and DD with peaks of emergence at ZT2
and CT2. Exhaustion of the observer prevented a prolonged observation period, but a second peak of emergence occurred ca 24 h after the first in both LD and DD ( Fig 1B) .
mRNA cycles
Quantitative real time PCR (Q-PCR) was performed from total RNA extracts derived from male Musca heads collected every 4 h both under LD and during the first day of DD in three independent experiments. Peaks of mRNA were observed at ZT 12-16 for per, tim and vri and this pattern was continued into the first cycle of DD. As in Drosophila, MdClk mRNA peaked with an opposite phase to Mdper, namely at the end of both the actual (LD) and the subjective (DD) night (Fig 2) . The arrhythmic expression of Mdcyc was also consistent with that reported for the fruitfly, but the absence of robust cycling for Mdcry was surprising (Fig 2) . As expected, exposure to constant light resulted in loss of cycling for all the clock genes (Fig 3) which is in agreement with the behavioral arrhythmia observed under the same conditions ( Fig 1A) .
MdPER and MdTIM protein cycles
Figures 4A and B show typical Western blots using α -DmPER-I, but the results were essentially identical using all three anti-PER antibodies. The MdPER band has a size of about 130-140 kD, consistent with its predicted molecular weight based on primary sequence data (Piccin et al. 2000) and shows no evidence for any cycling in LD12:12. We repeated the blot several times, also with other PER antisera and separately for head and thorax (Fig 4A) or male and female ( Fig 4B) extracts, but have never observed cycling ( Fig 4D) . In all blots examined no obvious temporal changes in electrophoretic mobility were detected that could be attributed to circadian modulation of phosphorylation (Edery et al. 1994 ).
We also examined MdTIM cycling in Musca heads using a rat anti-TIM antibody (α-DmTIM 1: 1,000) raised against Drosophila TIM. Although weak, we detected a band approximately of the correct size, that appears to cycle with a peak at the end of the night phase in LD12:12 and, dampened, also in DD ( Fig 4C) . We confirmed these finding over three separate full replicates ( Fig 4D) . We next investigated expression of MdPER in LL, and found it to be similarly stable over more than two cycles, with no evidence for light-induced degradation ( Fig 4E) . In contrast, both Drosophila PER and TIM cycle robustly in LD and this cycle dampens in LL, eventually stabilizing at just above minimal LD levels by the third day in LL (Fig 4E and see Marrus et al., 1996) . MdTIM however, immediately degrades in response to light, implying that MdPER does not rely on MdTIM for stability ( Fig 4E) .
Spatial localization of clock proteins
The failure of MdPER to cycle in head extracts, does not necessarily imply that MdPER does not cycle. It is possible that in a small subset of neurons that might be acting as pacemaker cells, rhythms in MdPER expression may be present, but masked by non-cycling MdPER in other cell types. We therefore performed both in situ hybridizations and antibody stainings on Musca heads.
Initial immunohistochemistry (IHC) using
α DmPER-II (1:1,000) on paraffin sections, revealed similar results to those also obtained with α DmPER-I (1:1,000). Anti-rabbit HRP conjugated secondary antibody and DAB were used for detection of the signal. Many groups of cells were observed to stain during day (ZT9) and night (ZT21) and several were localized in the area between the optic lobes and the central brain, both dorsally and ventrally ( Fig 5A) . Intense staining was observed in the pars intercerebralis (Fig 5A, B) . However, labelling of these cells in control experiments with non-immune rabbit serum, suggested that staining of the pars intercerebralis likely represented an artefact (Fig 5B) . In all the immunopositive cells the staining was exclusively cytoplasmic at both time points (ZT9 and ZT21) with characteristic 'doughnut' patterns (Fig 5C, D) . To validate these results we performed in situ hybridization on paraffin sections at ZT16 using a digoxigenin labelled Mdper probe, in an attempt to localize
Mdper expression in the same area identified by IHC. In situ hybridization of Mdper, closely resembles the pattern of per expression in D. melanogaster . We detected staining in the photoreceptor cells and in a broad region between the optic lobes and the central brain (Fig 5E) in general agreement with the localization of the lateral PER immunoreactive cells (Fig 5A) . However, we did not detect staining within photoreceptor cells by IHC, but a structure at the base of the photoreceptors was strongly labelled at all times ( Fig 5F) .
We also used a rabbit anti-crab PDH antibody that in Drosophila recognises PDF expressing cells, and identified some immunoreactive neurons between the central brain and the optic lobes ( Fig 5G) . As we could not perform MdPER-PDH double-staining, we can neither confirm nor exclude the possibility that these PDH immunoreactive cells correspond to any of the lateral cells that stain for PER. No staining was achieved for MdTIM, precluding any further investigation using these methods.
In the experiments described above visualisation of the signal is based upon an enzymatic reaction that is stopped before saturation is achieved. Hence the possibility exists that the intense cytoplasmic staining observed could mask a small amount of nuclear PER. Moreover, paraffin embedding obliged us to use a high concentration of the anti-PER antibodies, raising questions about the specificity of the signal. In order to investigate these issues, whole-mount brains were labelled using fluorescent secondary antibodies and examined with confocal microscopy. Using α -DmPER-I (1:10,000) we detected, at low magnification, only two groups of neurons in Musca, in medial and medio-lateral regions (Fig 6A, ZT24 ) compared to the six clusters that we find in Drosophila with the same reagent and method (Fig 6B, ZT24 ). These two groups, each consisting of two neurons, show strong PER cytoplasmic staining which, for one group, also extends into the axons (Fig 6C) . These cells are strongly labelled at every time point (ZT8, ZT19
and ZT24), but they do not stain for TIM (Fig 6D, ZT24) . Because of lack of cell-specific markers, we cannot conclude definitively that these neurons are localized among the large number of PER immunoreactive cells previously visualised with DAB staining, although some of these also showed labelling of axonal projections.
We then used the α -crab PDH antibody to identify the PDF expressing cells (Fig 7A) . In Musca, as in Drosophila (Fig 7B) they consist of two clusters of cells with large (about 20 µm in diameter in Musca) and small (about 10 µm in diameter in Musca) somata; thus we refer to them as large and small ventral lateral neurons (s-, l-LNvs) as in the fruitfly. In Drosophila, both s-and l-LNvs express PER and TIM in a coordinated fashion (Shafer et al. 2002) . Because of their similar organization, we asked whether Musca LNvs also express clock proteins. As PDH and PER antisera are made from the same host (rabbit) we could only use anti-PDH and anti-DmTIM (rat) for co-localization studies. We observed that in Musca, both types of lateral ventral neurons co-express MdTIM. However, although the s-LNvs show nuclear staining at ZT24, as in Drosophila, the l-LNvs show both cytoplasmic and nuclear subcellular distribution of MdTIM. It is also evident that the labelling is far more intense for the small than the large LNvs, which is at odds with the situation described for the fruitfly (Fig 7C; Indeed, MdPER and MdTIM colocalize to the LNvs. In the s-LNvs, both proteins are nuclear at ZT24, but in the l-LNvs, MdTIM is nuclear and cytoplasmic at this time whereas MdPER, also expressed at very low levels, is present only in the cytoplasm (Fig 7 D,E) , showing that the subcellular distribution of these two proteins is not coordinated between the two neuronal groups.
In Drosophila the ventral lateral clusters also comprise a single neuron that is very similar to the s-LNvs in size and timing of development, but it is found in a position closer to the l-LNvs than to the s-LNvs (Helfrich-Forster 2003) . It is also the only LNv that does not express PDF, and as such we refer to it as PDF-null LNv (Pn-LNv). In Musca this single neuron seems to have expanded into a cluster of about 4 cells (Fig 8A) . Unfortunately, the signal/background ratio is always quite low, making the identification and precise counting of every neuron very difficult.
The Pn-LNvs are located more anteriorly than the LNds (see below) and always show nuclear colocalization of MdPER and MdTIM at the end of the night.
In Drosophila, the lateral neurons dorsal (LNds) are located dorsal and posterior to the lLNvs, and appear as a cluster of usually 6 neurons, similar in size to the s-LNvs (Helfrich-Forster 2003) . These cells also appear to be present in Musca and, like the s-LNvs, both MdPER and MdTIM are fully nuclear at ZT24 (Fig 8B) . In addition, we have identified in the dorsal brain of the housefly a few neurons expressing both MdPER and MdTIM in the nucleus, but we are not able to relate any of these cells to the dorsal clusters described for Drosophila (Fig 8C) . Finally, we have also observed nuclear staining in photoreceptors at this time for both MdPER and MdTIM (Fig 8D) . In another set of experiments we analysed the expression of MdPER and
MdTIM at ZT24, 18 and 6. As before we could identify PER/TIM expressing neurons and staining in photoreceptor cells only at ZT24 but not at earlier time points, which confirms the cycling of both proteins in important central and peripheral clock cells of Musca (Fig 9) . Fig 10 illustrates all the relevant neuronal clusters we have identified in Musca, and compares them to those described in Drosophila.
Discussion
Drosophila has contributed an enormous wealth of experimental data and insight into the molecular dissection of the circadian clock. The negative feedback model was developed in the fly with PER (Hardin et al. 1990; Siwicki et al. 1988) , and the fact that the murine clock is also built around the negative regulation of PER proteins, further supports the generality of the higher eukaryote model (Shearman et al. 2000) . One of the anchors for this model, is that the perencoded mRNAs and proteins cycle in pacemaker cells, and that PER also enters the nucleus in a temporally regulated manner. Exactly what causes this temporal change in the relative abundance of PER between different cellular compartments is currently under debate (Meyer et al. 2006; Nawathean and Rosbash 2004) , but the general observation that in several insect orders, PER can be found to be exclusively cytoplasmic in its neuronal expression, is inconsistent with its 'dedicated' role as a circadian transcriptional regulator. One group of 'neuronal' cells that do show nuclear expression of PER are the photoreceptors of both the giant silkmoth, Antheraea pernyii, and the hawkmoth, Manduca sexta where cycles in PER immunoreactivity have been documented in the former species, but not the latter Wise et al. 2002) . However, in the hawkmoth, nuclear staining of PER was consistently observed in four neurons within each hemisphere in the pars lateralis, a neurosecretory region, although no circadian cycling of PER abundance was noted (Wise et al. 2002) . In contrast, in A. pernyii, a similar group of four cells express exclusively cytoplamic PER, which cycles in concert with TIM .
While it can be argued that in some of these studies, perhaps the antigenicity did not reflect PER in these insects, or that PER does indeed enter the nucleus at low undetectable levels to engage the negative feedback loop, it is odd that 'PER' antigenicity, whether cycling in the firebrat, (Zavodska et al. 2003a) , or not in the hawkmoth (Wise et al. 2002) (Piccin et al. 2000) , the same antibodies identify a band of similar size (Fig 4A) . α-DmPER-II is able to recognised the cycling PER of the blowfly Lucilia cuprina (Warman et al., 2000) , further confirming that the polyclonal antibodies we used recognize regions of PER that are highly conserved in diptera That our initial conclusion (which we held for several years, namely that Musca represented a non-canonical type of circadian clock), was premature and incorrect, came to light once we applied immunofluorescence with confocal microscopy. We observed medial and medio- Thus in contrast to our initial conclusions, neuronal clusters in Musca largely correspond to those in Drosophila, suggesting we have identified homologous structures (see Fig 7-9) . It is interesting to note that in Musca at ZT24, the l-LNvs are the only group of putative clock cells to show cytoplasmic PER and nuclear-cytoplasmic TIM, and both types of reagents give much weaker signals. This might suggest that this neuronal cluster might have a special function in the circadian network, as suggested for Drosophila (Collins et al., 2005) . Furthermore, in Drosophila the l-LNvs are the only group of neurons where, under particular environmental conditions, for example in constant conditions, PER and TIM nuclear accumulation can be decoupled (Shafer et al. 2002; Yang and Sehgal 2001; Rieger et al, 2006) . These cells possibly represent a strategic point in the neuronal network of diptera where a physiological response to a combination of environmental variables might be amplified for entrainment (Collins et al., 2005) . As for the more nuclear subcellular distribution of MdTIM in the l-LNvs of Musca compared to MdPER, this could reflect a more prominent role for MdTIM as a negative regulator in the housefly, as has been suggested for A. pernyii (Chang et al. 2003) .
As in Drosophila, PDF localizes with the two groups of lateral neurons in Musca, providing a helpful additional marker for these putative clock neurons. In both Drosophila and Musca these cells are located within the accessory medulla (also termed anterior base of the medulla, Fig 7A, B) and their patterns of projections from the LNvs are also similar, as has been previously reported (Helfrich-Forster 1995; Miskiewicz et al. 2004; Pyza and Meinertzhagen 1997) . Our results with anti-PER and TIM reagents therefore support the long-standing suspicions of Pyza and coworkers, that the PDF expressing neurons in Musca are in fact 'clock' cells (Miskiewicz et al. 2004; Pyza and Meinertzhagen 1997) .
In other insect orders PDF does not colocalize with PER or TIM antigens (Zavodska et al. 2003b ), although some colocalization of PER and PDF may be present in the beetle Pachymorpha sexguttata (Frisch et al. 1996) . It may be therefore that the diptera compared with these other insects have a fundamental difference in this aspect of clock neuronal biology. Even so, in Antheraea for example, although the PDH and PER/TIM expressing neurons are not the same, in terms of their relative anatomical positions, they could be functionally related . We did however find a number of PER and TIM expressing neurons that were localized in the region of the Musca l-LNvs that were PDF-null. In Drosophila, one such neuron has been identified (Helfrich-Forster 1995; Kaneko et al. 1997) , and its role in the circadian mechanism is being clarified (Rieger et al., 2006) .
One outstanding issue involves why the MdPER protein does not cycle in head Western
blots ? In the muscid, Lucilia cuprina (sheep blow fly), cycles in both gene products are found (Warman et al. 2000) , yet in the medfly, Ceratitis capitata, a similar situation to Musca is observed, with cycles in per mRNA expression, but no PER cycling in Westerns (Mazzotta et al. 2005) . We suspect that the Musca PER protein that is highly and apparently constitutively expressed in the medio and medio-lateral neurons, if indeed it is PER, plays a different role to that found in the LNs. Microarray studies in Drosophila have revealed that per does more than simply control cycling output transcripts, and that a large number of mRNAs that do not cycle, are either up or down-regulated in per-null mutants (Claridge- Chang et al. 2001; Lin et al. 2002b ). This in turn would suggest that there are downstream functions for PER which do not require cycling per products. Consequently, the apparently stable PER in these neurons may play a different role to the familiar negative regulator theme, particularly given the apparent lack of TIM in these cells. Given PER's intimate association with the DOUBLETIME kinase, which earmarks it for degradation Price et al. 1998) , it would be interesting to see whether DBT, or indeed other kinases such as casein kinase 2, which have been implicated with PER stability (Akten et al. 2003; Lin et al. 2002a) , are also localized in these non-rhythmic
MdPER-expressing neurons.
Future work will be aimed at elucidating the roles of the various clock molecules in Musca. Obviously, transgenic Musca, in which misexpression of MdPER, targeted or not, would be very helpful for functional studies (Hediger et al. 2001) , and the development of such techniques is underway in our laboratories. Musca will therefore prove to be a useful model for studying the evolution of the circadian system as it is phylogenetically far enough away from Drosophila to be interesting, yet close enough to have at least the possibility of being studied by using some of the techniques that are available in the fruitfly. One final thought relates to the findings in other insect orders, namely that PER is only observed to be cytoplasmic in brain neurons (Zavodska et al. 2003b) . All of these studies have used enzymatic IHC reactions except one, which also used confocal microscopy, but only for analysis of PDF expressing neurons. Had we concluded our analyses without confocal microscopy, we would have come to similar conclusions as these other laboratories, even to the point of suggesting that PDF expressing cells did not colocalize with PER (compare Fig 5D with 5G) . However, we observe that in fact Musca appears to have similar anatomical substrates for the PER/TIM and PDF molecules as Drosophila, albeit with some intriguing differences in the way that MdPER behaves in westerns, and in the The staining is nuclear for both proteins. D Photoreceptor staining in Musca. MdPER and MdTIM co-localize within the photoreceptor nuclei (white arrow). PER staining can once again be seen in a structure at the base of the photoreceptors (green arrow, see also Figure 4F ), TIM does not give staining in this structure although strong staining for TIM can be seen in cells lying underneath (red arrow). 
